Abstract-In order to accelerate the overall power take off (PTO) design effort and to cheaply evaluate alternative designs, the construction of the real hydraulic PTO can be replaced with the design of a hydraulic PTO model emulator. This has the added advantage that it can be applied at model testing scales, where real hydraulic hardware would not give performance, representative of the full scale PTO (most likely, the scale PTO hardware and the full PTO hardware would be completely different but, even if similar, the operating points and performance would be very dissimilar). Finally, and most importantly for this work, the emulated PTO presents realistic interface to the controller while the emulated force signals are actuated by an electric motor. This paper reports the main results from a collaborative project between Wave Venture Ltd. and SANDIA National Laboratories, focused on the development of a hydraulic PTO model emulator, in order to carry out wave tank tests with the new SANDIA wave energy converter (WEC).
I. INTRODUCTION
This paper presents the main results from a collaborative project between Wave Venture Ltd. and SANDIA National Laboratories, regarding the development of a hydraulic power take off (PTO) model emulator, in order to carry out wave tank tests with the new SANDIA wave energy converter (WEC) [1] [2] [3] , which is shown in Fig. 1 . In order to improve the WEC performances, the matching of the WEC and PTO systems is crucial. Therefore, the design of the PTO is an important step in the development of a specific WEC but, at the same time, the design, construction and test may represent expensive project activities, in terms of time and investments. In order to reduce the PTO design effort, the construction of the real hydraulic PTO can be replaced with the design of a hydraulic PTO model emulator, which can be used in real wave tank tests, together with a controlled actuator motor. In this way, the hydraulic PTO can be virtually constructed and tested, without the necessity of manufacturing and assembling the real components, with the consequent reduction of designtime and costs. An added advantage of this approach is that the hydraulic PTO and its interaction with the WEC and control system can be investigated in advance of designing and constructing a full scale or large scale WEC. The hardware components of the experimental setup will include the WEC hull, the controlled motor actuator and the sensors for the free surface elevation (FSE), applied PTO force and WEC position (velocity) measurements. Fig. 2 shows the block diagram of the main components for a wave tank test with the use of the hydraulic PTO emulator. The software components of the experimental setup will include a WEC-PTO controller, a hydraulic PTO model emulator and a PTO force tracker. The hydraulic system is assumed to have linear mechanical power input (a hydraulic cylinder coupled to the WEC oscillations) and rotary mechanical power output (a rotating hydraulic motor coupled to an A/C electrical generator). This paper shows the main results of the simulations, run to test the ability of the hydraulic PTO emulator in following a f pto dynamic set point, evaluated by the controller. The simulated interaction of the scaled SANDIA WEC with a full scale hydraulic PTO emulator is carried out by employing, for the WEC, a linear hydrodynamic model, obtained by linear potential theory (LPT). This paper outlines the options for the composition of the hydraulic circuit to be modelled and a proposal for the level of fidelity of the modelling of the physics involved in the hydraulic system. In the next months, the SANDIA National Laboratories will use the proposed hydraulic PTO emulator, in order to carry out real wave tanks tests. It is well know that the use of control strategies for WEC-PTO systems may increase the amount of extracted energy [4] [5] [6] . In Fig. 2 , the controller provides the optimal PTO force signal (evaluated by the controller algorithm), f set pto (t), which should be applied to the WEC. Given the signal f set pto (t), the PTO has to generate a force, f hydro pto (t), which has to be as close as possible to f set pto (t). The ability of the hydraulic PTO, in following the f set pto (t) signal, is restricted by the PTO dynamics and nonlinearities and, therefore, a signal error 
is present at the output of the PTO. The tracker block, based on PID techniques, introduces some corrections in order to reduce the error (t). The control strategy, implemented in the controller for the simulations of this paper, is based on complex conjugate impedance matching [7] , where Z pto is the PTO impedance and Z int is the WEC intrinsic impedance, defined as:
where B(ω) is the radiation resistance, M is the WEC mass, m a (ω) is the hydrodynamic added mass and K r is the hydrostatic restoring coefficient.
Hydraulic machinery generally performs well (high efficiency and high controllability) in high force/torque and high power applications and, on the other hand, less so in low force/torque and low power applications. Furthermore, there are bounds on the available sizes of hydraulic machinery. These limitations, separately or together, mean that a scale model hydraulic PTO is not a practical prospect (a practical hydraulic PTO with currently available components is possible in the approximate 10kW-500kW range). Logically, if a PTO should not be built for a scale model, then it should not be simulated for a scale model either. It follows that the PTO emulator is running at Full-scale, which is different from the tank test scale and, therefore, special attention is required to make the results meaningful.
As shown in Figs. 2 and 3 , the system is composed of two different sub-systems (i.e. a 1/16 Small-scale WEC hydrodynamic model and a Full-scale PTO model). Therefore, it is necessary to scale the different physical quantities when utilised in the two sub-systems. It is well know that different physical quantities scale with different coefficients passing from one sub-system to the other one [8] [9] . The scaling factors for the different variables are represented in Table I . 
II. HYDRAULIC SYSTEM DESIGN

A. Hydraulic Circuit Types
Hydraulic PTO systems for wave energy usually fall into two broad categories:
• The variable pressure systems, where control of the primary force/torque is achieved by pressure modulation.
• The constant pressure systems, where control of the primary force/torque is achieved by valve transitions, which select between discrete effort levels, determined by the approximately constant accumulator pressure and alternative piston areas.
In both variable and constant pressure systems, there is a primary and a secondary fluid power machine. The primary fluid power machine is a pump, which converts input mechanical power to fluid power. The secondary fluid power machine is a hydraulic motor, which converts fluid power back into mechanical power. In conventional fluid power transmissions (for example in vehicle transmissions) both primary and secondary machines are high speed rotary machines. In the wave energy context, the primary machine is almost always low speed and is usually linear motion, while the secondary machine is a high speed rotary machine. A crucial difference between constant and variable pressure systems is the time constant associated with the change of pressure in the system. If the system is very stiff, then the time constant can be less than 1 s and, therefore, pressure control at wave frequency is possible and the system is a variable pressure system. If the system is not very stiff, the time constant can be greater than 10 s and, therefore, pressure control at wave frequency is not possible and the system is effectively a constant pressure system. Using control systems terminology, a stiffer system provide more bandwidth for the control of the device. A side effect of the dissimilar stiffness of the two system typologies is the different amounts of energy storage provided. A constant pressure (less stiff) system stores significant amounts of energy and acts as a low pass filter (with cut off frequency below the wave frequency) and, therefore, the power output is smoothed. A variable (more stiff) system does not store significant amounts of energy and the power output is not smoothed (in this case, the hydraulic energy storage can be integrated by introducing additional equipment for this purpose).
B. Multiple Primary & Secondary Modules
The primary fluid power machinery is a pump that converts mechanical power to fluid power. In a system with linear mechanical power input, the pump is virtually always composed of a hydraulic cylinder and suitable valving (the cylinder and valves together forming a pumping module). The secondary fluid power machinery is a motor-generator combination, which converts fluid power first to mechanical and then to electrical power. The hydraulic motor is either a conventional axial piston high speed hydraulic motor or a digital displacement radial piston motor. The generator can be any fixed speed or variable speed generator. The combination of the motor-generator with suitable hydraulic valves and power electronics (or electrical switchgear) is the motor-generator module. The simplest possible system has a single pumping module and a single motor-generator module. However, for efficiency reasons it may be necessary to use a more versatile (and more complex) system with multiple primary and secondary modules.
In the hydraulic circuit, the maximum operating pressure is limited by available equipment and by safety regulations (330 bar is currently the likely limit, even if higher pressure is possible and lower is cheaper). It follows that the effective piston area of the cylinder in the primary module, A cyl , is determined by:
Maximum operating pressure (2) It also follows that the maximum flowrate of the motor is the effective piston area of the cylinder multiplied by the maximum velocity of the cylinder. The problem is that this sizing exercise leads to very large cylinders and motors, since the calculation is based on the maximum force and maximum velocity. Probably, the most recurrent sea states will not operate close to these maxima, therefore, the equipment will operate at a fraction of the systems maximum operating pressure, and the motor will operate at a fraction of its maximum flowrate. Both of these considerations lead to low efficiency and especially to losses in the hydraulic motor. This difficulty is most severe if the maximum required PTO force is set by survival considerations. The ideal is that the PTO is not required to contribute to survival and, therefore, the maximum required PTO force can be optimised to maximise energy yield or economic impact, without any reference to device survival. A possible approach, in order to alleviate this difficulty, is to add pump modules, which can be selected as needed. In this way, the effective area of the active pumping modules can be selected and the operating pressure range can be modified, in order to minimise losses for a wide range of PTO forces. A further approach is to add motor-generator modules, which can be selected as needed, so that the displacement fraction of the selected motors can be modified, in order to minimise losses in a wide range of input PTO force and velocity combinations. There is no cost to additional motor-generator modules in terms of additional energy losses, because a motor-generator module can be completely shutdown when not selected. On the other hand, pumping modules are likely to be difficult to completely shutdown, as the cylinder rod and piston will likely move with the WEC, even when the cylinder is not selected. Therefore, the flow generated needs to be redirected in a manner that produces the minimum parasitic losses. Because of the presence of these parasitic losses, the optimum number of pumping modules is likely not much more than 2 or 3 (the optimum number will be different for different WEC's, in different locations).
C. Pumping Module Control
For a linear input PTO, the pumping module is almost certain to be based on a hydraulic cylinder. The nature of a hydraulic cylinder is that it is not a variable geometry machine (i.e. the area of the piston is fixed), therefore, the only possible control of a pumping module is an on/off control. This applies at the level of individual pumping modules, therefore, if multiple modules are used together then different combinations can be switched on as needed. The nature of the valving, required in the pumping modules, is determined by the configuration of the pressure lines (alternating or not), and whether 4 quadrant power is required. In a variable pressure system, the primary and secondary are strongly coupled and, therefore, the control decisions have to consider the state of the whole system. The objective of the primary control is to select a suitable combination of cylinder area(s) (in order to achieve the desired force, at a pressure where the secondary side of the system has a high efficiency). The objective of the secondary control is to generate the desired force, by controlling the pressure.
D. Motor-Generator Module Control
A motor-generator module may have a fixed or variable displacement hydraulic motor and may have a fixed or variable speed generator. In addition, the individual motor-generator modules may be switched on and off. Different modules, within a PTO system, may have different combinations of fixed and variable displacement and speed. In variable pressure systems, the goal of the motor-generator control is to regulate the pressure in the system, so that the PTO force follows a dynamic set point that gives the optimal combination of wave energy absorption and electrical energy transmission, with low energy losses. The pressure is regulated by controlling the difference in motor flow and cylinder flow in the high pressure line (when motor flow < cylinder flow then the system pressure rises; when motor flow > cylinder flow then the system pressure falls). This requires the motor flow control to be optimised for a fast response, since the fluid system has a high stiffness. The motor flow can be controlled by changing the motor-generator speed and/or the motor displacement. The losses in the system are also dependent on the speed, displacement and pressure. Usually, the settings that maximise energy absorption from the waves are not the settings that maximise electrical output. In constant pressure systems, the real time control should be a compromise between outputting a smooth power and maintaining a smooth accumulator pressure at a pressure level, which is good for motor efficiency and for average energy absorption. Smoothness in pressure and smoothness in output power are competing objectives. Probably, switching motor-generators on/off cannot be done at wave by wave time scales, because of the time and energy required to spin up the rotating inertia in the motor and generator. This can only reasonably be done on a sea-state by sea-state (> 15 min) or longer basis. It follows that, for the proposed hardware in the loop tests, this setting need not change during the test and can be pre-set. Selecting the right motor-generator combination for each sea-state will still strongly influence efficiency (and max power), so multiple simulation runs or multiple tank tests will be necessary.
III. HYDRAULIC COMPONENT MODELS
A. Pressurised Volumes
Many parts of the hydraulic circuit are effectively containers to which fluid is added and removed through various ports. The rate of change of pressureṖ in such a container may be calculated as:
where β is the bulk fluid modulus, V is the volume of the container, Q net is the net volumetric flow into the chambers andV is the rate of change of the volume of the container. In the case of containers where the geometry is changing (e.g. a chamber with a moving piston), the rate of increase of volume must be known. In the case of rigid containers, the rate of increase of volume is zero, whereas, for containers where the elasticity of the structure is important (e.g. flexible hoses), it is common practice to treat the volume as rigid and to calculate a modified bulk modulus, which accounts for the elasticity of the container.
B. Hydraulic Cylinder
The rate of change of pressure in the chambers of the hydraulic cylinder can be calculated using two modified versions of equation (3) . Equation (4) applies to the cylinder chambers with orientation such that positiveẋ will tend to decrease the chamber volume. On the other hand, equation (5) applies to the cylinder chambers with orientation such that positiveẋ will tend to increase the chamber volume. In the case of a standard double acting cylinder, which has one chamber of each orientation, equation (3) becomes:
whereṖ A andṖ B are the rate of change of pressure in the cylinder chambers A and B, respectively, β is the fluid bulk modulus, A A and A B are the effective piston areas in the cylinder chambers A and B, respectively (A A and A B may be equal but need not be), Q A and Q B are the flows into cylinder chambers A and B, respectively, Q lp is the leakage flow past the piston seal from chamber A to chamber B, x andẋ are the position and velocity of the cylinder (x andẋ are usually inputs to the cylinder simulation, as they are determined by the positions and velocity of the WEC hull attached to the cylinder). Equations (3)- (5) are obtained from [10] .
C. Hydraulic Motors
The ideal volumetric flow through a hydraulic motor, q i , and the ideal shaft torque developed, τ i , are given by:
where X mot is the motor displacement fraction (which can take any value in the range [-1,1]), ω is the motor shaft speed, D mot is the cubic displacement per unit shaft rotation and Δp is the pressure differential applied across the motor ports. The real behavior of the motor (such as energy, torque and flow losses) may be modeled in a similar way to [11] .
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Qmot (3) Qmm ( Table II shows the simulation parameter setting. The PTO emulator has been simulated and tested for all the different sea states shown in Table III . As an example, Fig 6 shows the WEC quantities in the case of a FSE realization, generated from the sea states characterised by H m0 = 0.1905 m, T p = 2.5 s and γ = 1 (the FSE is supposed to be measured at the center of the WEC). In Fig. 7(a) , the comparison of f hydro pto (t) with f set pto (t) is plotted, showing the good agreement of the two curves and, therefore, the good behavior of the hydraulic PTO emulator. Fig. 7(b) shows the control signal X mot , generated from the tracker block and applied to the hydraulic motors. Fig. 8 shows the block diagram utilised for the implementation of the tracker software component. Fig. 9 shows a zoom of the comparison of f hydro pto (t) with f set pto (t), where aslo the plot of the signal error is present; it is possible to observe the average good agreement of the curves, together with the presence of As explained in Section II-D, in variable pressure systems, the control of the pressure is carried out so that the PTO force follows a dynamic set point. The pressure is regulated by controlling the difference in motor flow and cylinder flow in the high pressure line. Therefore, in order to have a good control of the pressure, the displacement of the hydraulic motor has to be large enough to guarantee a fast draining of the high pressure line (with the consequent pressure reduction). 
V. CONCLUSIONS
Time and investments, necessary for the development of a hydraulic PTO system for wave energy applications, can be reduced by initially replacing the real hydraulic PTO, with a hydraulic PTO model emulator, which can be used in real wave tank tests, together with a controlled actuator motor. In this way, the hydraulic circuit can be utilised like a 'programmable' PTO, able to simulate the behavior of a virtual PTO, the characteristics of which are decided by the controller block. The proposed hydraulic PTO circuit and the tracker block shown the ability to replicate, with good agreement, the f set pto (t) signal generated by the controller, on the base of complex conjugate impedance matching. In the next months, the designed hydraulic PTO model emulator will be utilized by the SANDIA National Laboratories, in order to carry out real wave tanks tests, together with the new SANDIA WEC. ACKNOWLEDGEMENT Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525. This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.
